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Summary
Objective: To study the effect of frizzled-related protein (Frzb) deletion in mice on voluntary running wheel exercise performance and
osteoarthritis.
Methods: At the age of 7 weeks, Frzb/ and wild-type mice were grouped and a running wheel was introduced into the cage. At week 8, all
mice were caged solitarily with a running wheel available. Mice were allowed free exercise for 6e12 months and distances run were recorded
daily. Non-running mice were used as additional control group. X-rays of knees and hips were taken at different time points. At the end of the
experiment, mice were sacriﬁced and joints were processed for histological evaluation. Cartilage damage, synovitis and osteophyte formation
were scored. Muscle ﬁber composition of the soleus and extensor digitorum longus was studied by immunoﬂuorescence.
Results: At the age of 6 months, both female and male wild-type mice showed a signiﬁcantly greater exercise performance than the Frzb/
mice (P< 0.05). At 1 year, the difference was still signiﬁcant for male mice, but not for females. Running exercise did not signiﬁcantly affect
severity of osteoarthritis. No statistical differences in osteoarthritis severity were seen between Frzb/ mice and wild-type mice. No differ-
ences were seen in muscle composition between Frzb/ mice and wild-type mice.
Conclusion: Absence of Frzb in mice reduced voluntary exercise performance in running wheels. These experiments demonstrate that the
effects of genes in mice can also be evaluated using functional outcomes such as running wheel exercise performance, similar to evolving
practice in human clinical trials.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The osteoarthritic diseases are complex disorders to which
both genetic and environmental factors contribute. Non-syn-
onymous polymorphisms in the frizzled-related protein
(FRZB) gene have been associated with hip osteoarthritis
in females1. This genetic association has subsequently
been conﬁrmed in different cohorts of patients with various
forms of osteoarthritis, including a differential association
between severe osteoarthritis and osteoporotic fractures
of the hip2e6. FRZB, originally identiﬁed from a chondro-
genic extract of bovine articular cartilage7, is a secreted an-
tagonist of the wingless-type (WNT) signaling pathway8e10.
The WNT family forms a group of at least 19 secreted gly-
coproteins that affect cell proliferation, differentiation and
behavior during development, growth, homeostasis and dis-
ease (for review see Ref. 11). WNT ligands can signal
through at least three different signaling cascades. Interac-
tion between WNTs, frizzled receptors and lipoprotein*Address correspondence and reprint requests to: Dr Rik Lories,
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390related protein 5 and 6 co-receptors can lead to accumula-
tion and nuclear translocation of beta-catenin. WNT signal-
ing can also take place through the phosphatidyl-inositol/
Ca2þ or protein kinase C pathways, or via c-jun-amino-ter-
minal kinase activation12e14. Accumulating evidence sug-
gests a role for WNT biology in bone and cartilage of
patients with osteoarthritis15e18. Increased WNT signaling
is associated with cartilage damage and increased bone
density18,10. By acting as a decoy receptor, FRZB can in-
hibit WNT signaling.
We have generated Frzb/ mice10. These mice do not
show apparent developmental abnormalities in the skele-
ton, but are characterized by increased cartilage damage
in injury, instability or inﬂammation-triggered osteoarthritis
of the knee10. These observations are associated with in-
creased activation of WNT signaling and enhanced expres-
sion of tissue-destructive enzymes such as matrix
metalloproteinase-3 (MMP3). In addition, FRZB inhibits
MMP3 activity. Frzb/ mice also show increased cortical
thickness and enhanced periosteal bone formation after
mechanical stimulation in vivo leading to stiffer long
bones10. The altered biomechanical properties of the long
bones may not only contribute to the development and pro-
gression of osteoarthritis by inﬂuencing the cartilageebone
Fig. 1. Running wheel exercise performance in Frzb/ and wild-type mice. (A) Median daily distance ran at the age of 6 months in male and
female mice. (B) Median daily distance ran at the age of 1 year in male and female mice. (C) Mean monthly distance ran in male Frzb/ and
wild-type mice. (D) Mean monthly distance ran in female Frzb/ and wild-type mice (*indicates P< 0.05 in Frzb/ vs wild-type mice;
#indicates P< 0.05 in male vs female mice; n¼ 10e13 mice at 6 months and n¼ 5e7 at 1 year).
391Osteoarthritis and Cartilage Vol. 17, No. 3biomechanical unit, but may also provide protection against
osteoporotic hip fracture indicating a role for FRZB as a mo-
lecular basis for the observed and hypothesized inverse re-
lationship between osteoarthritis and osteoporosis19.
Chemically or surgically inducedmodels of osteoarthritis in
rodents bear the important disadvantage that cartilage dam-
age is caused by direct injury in a rapidly evolving process
with dynamics that are very different from what is usually
seen in humanosteoarthritis. In contrast, spontaneousdevel-
opment of osteoarthritis upon aging in geneticmousemodels
is generally mild, in particular when genes are involved that
do not code for structural components of the articular carti-
lage. The complex biology of the ‘‘joint organ’’ make it less
likely that inactivation of a non-structural gene involved in os-
teoarthritis will lead to major phenotypes in mice upon aging.
In addition, disease development and progression are known
to be inﬂuenced by other factors such as weight, mobility andTable
Weight of mice using the running w
6-Month-old mice
Wild-type mice Frzb/ mice
Runners Controls Runners Controls
Males 42.71 0.76 42.02 1.58 42.12 1.12 43.00 0.9
Females 31.72 0.74 36.82 1.32* 33.89 1.09 35.73 1.9
*P< 0.001 runners vs controls; data are presented as mean standarexercise20. Therefore, functional outcome measurements
such aswalking distance are increasingly important in the as-
sessment, study and understanding of human disease. With
this in mind, we measured distances covered in a running
wheel over a 6-month to 1-year period to evaluate voluntary
walking performance andnatural development of osteoarthri-
tis in Frzb/ mice.Materials and methodsANIMAL EXPERIMENTSFrzb/ mice were generated as previously described by targeted dele-
tion of the ﬁrst exon10. The mice were kept in a CD1/Swiss genetic back-
ground. Frzb/ and wild-type mice were initiated to running wheel
exercise at the age of 7 weeks by group training. From the age of 8 weeks
onwards, mice were caged solitarily in the presence of a custom-made
running wheel and allowed to run freely. Distances ran by the mice wereI
heel vs control mice (grams)
1-Year old mice
Wild-type mice Frzb/ mice
Runners Controls Runners Controls
8 40.53 1.21 46.42 2.28 44.24 2.18 49.59 1.93
8 39.28 1.47 42.57 2.01 39.23 1.32 44.96 3.02
d error.
392 R. J. U. Lories et al.: Frzb deletion affects running performancerecorded daily and average distances covered per day were calculated for
the different time periods. All experiments were approved by the Ethics Com-
mittee for Animal Research (Katholieke Universiteit Leuven, Belgium).HISTOMORPHOLOGICAL ANALYSIS OF THE JOINTAt the indicated time points (26 and 52 weeks) mice were sacriﬁced.
Knees and hips were dissected and ﬁxed in 2% paraformaldehyde/phos-
phate buffered saline (PBS) overnight. Subsequently, they were decalciﬁed
in 0.5 M ethylenediaminetetraacetic acid (EDTA) in PBS, pH 7.5 for 10
days. Five parafﬁn embedded coronal sections (100 mm apart) of each
knee and hip were stained with hematoxylin/eosin or safranin O/hematoxylin.
Cartilage damage was scored using the Osteoarthritis Research Society In-
ternational (OARSI) score system21. In addition, synovitis was scored taking
into account different features: exsudate, hyperplasia of the synovial lining,
sublining zone inﬁltration and villus formation. Each of the features was
scored as 0 (absent), 1 (mild), 2 (clearly present), 3 (extensive). Presence
or absence of osteophytes was also evaluated. Scores were attributed based
on an evaluation of the whole joint.HISTOMORPHOLOGICAL ANALYSIS OF THE MUSCLEMuscle ﬁber typing was performed by means of immunoﬂuorescent stain-
ing as previously described22 with speciﬁc anti-type-I and anti-type IIa myo-
sin antibodies and digital morphometric analysis. Transverse sections
(10 mm) were cut from the mid-belly area of soleus and Extensor digitorum
longus (EDL) muscles at 20C, brought to room temperature and ﬁxed in
PBS containing 4% paraformaldehyde and 0.1% Triton X-100 for 10 min
and rinsed for 2 5 min in wash buffer (0.5% bovine serum albumin in
PBS). Then, sections were incubated for 30 min in 10 mM NH4Cl, rinsed
for 2 5 min in wash buffer and incubated in PBS containing 1% bovine se-
rum albumin for 30 min. Sections were incubated overnight at 4C in wash
buffer containing two primary monoclonal antibodies directed against fastFig. 2. Histomorphology of the knee joint in a wild-type mouse after 1 yea
section. Patella, femur and tibia are labeled. Arrows indicated zones of s
detail in (B) and (C) (magniﬁcation 25, safranin O/hematoxylin staining).
ing in the deeper layer of the articular cartilage is shown. Arrows indicate z
and black arrowheads show synovial ﬁbrosis. (C) Osteophyte formyosin type IIa (1:20 dilution; N2.261 supernatant, Developmental Studies
Hybridoma Bank, IA, USA) and slow myosin type I (1:20 dilution; A4.840 su-
pernatant, Developmental Studies Hybridoma Bank) or isotype control anti-
bodies (mouse IgG1 and IgM (Santa Cruz Biotechnologies, Santa Cruz,
CA, USA). Thereafter, slides were washed three times and incubated for
60 min with wash buffer containing the secondary antibodies Alexa Fluor
350 anti-mouse IgG1 (Molecular Probes, Leiden, The Netherlands) and Fluo-
rescein isothiocyanate (FITC) anti-mouse IgM (Southern Biotechnology As-
sociates, Birmingham, AL, USA), each in a 1:500 dilution. Cover slips
were mounted with Fluorescent Mounting Medium (DakoCytomation, Carpin-
teria, CA, USA). Two to three digital images were taken from each section
with a Nikon Eclipse E1000 microscope (Nikon, Boerhavedorp, Germany)
at a 20 magniﬁcation with appropriate band-pass ﬁlters for Alexa Fluor
350 and FITC. Morphometric analysis of double-labeled immunoﬂuorescent
images was performed with Lucia G Software (LIM, Prague, Czech Repub-
lic). Type I ﬁbers were identiﬁed by green staining, type IIa ﬁbers by intense
blue staining and type IIb ﬁbers by the absence of intense blue staining). At
least 10 digital images were analyzed per muscle.STATISTICSData were analyzed using either two-sided Student’s t test for unpaired
samples or ManneWhitney U test when normal distribution of the data could
not be assumed. For correlations, Spearman Rank non-parametric test was
used.ResultsREDUCED RUNNING PERFORMANCE IN FRZB/ MICEIn male mice, median daily distance ran was signiﬁcantly
lower in Frzb/ mice as compared to wild-type mice at ther of free running. (A) Overview of the knee anatomy on the coronal
ynovial hyperplasia. Two boxes highlight zones presented more in
In (B) damage to the superﬁcial layer and loss of proteoglycan stain-
ones of proteoglycan loss, white arrowheads point toward synovitis
mation indicated by arrowheads. Arrows indicate synovitis.
393Osteoarthritis and Cartilage Vol. 17, No. 3age of 6 months (5.1 km/day vs 7.3 km/day, ManneWhitney
U test, P< 0.032, n¼ 10 vs 12 mice) [Fig. 1(A)] and at the
age of 1 year (3.3 km/day vs 7.7 km/day, ManneWhitney U
test, P< 0.008, n¼ 5 vs 6 mice) [Fig. 1(B)]. In female mice,
median daily distance ran was signiﬁcantly lower in Frzb/Fig. 3. X-ray analysis of osteoarthritis in running and control mice. (A) Rep
wild-type mice. No speciﬁc features were found in Frzb/mice. (B) X-ray
group; n¼ 4 Frzb/ and 6 wild-type mice in the running group; both kne
control female mice (n¼ 9 Frzb/ and 10 wild-type control mice; n¼
were scored for eamice as compared to wild-type mice at the age of 6 months
(8.8 km/day vs 11.3 km/day, ManneWhitney U test,
P< 0.042, n¼ 11 vs 13 mice) [Fig. 1(A)]. At the age of 1
year the difference between female Frzb/ mice and
wild-type mice was not signiﬁcant (6.76 km/day vsresentative images of the different scores used. All images are from
scores in running and control male mice (n¼ 10 control mice in each
es were scored for each mouse). (C) X-ray scores in running and
7 Frzb/ and 4 wild-type mice in the running group; both knees
ch mouse).
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mice) [Fig. 1(B)]. Of note, running performance was signiﬁ-
cantly better in female mice than in male mice both in wild-
type animals (ManneWhitney U test, P< 0.001 at 6
months, n¼ 13 vs 12; P> 0.05 at 1 year, n¼ 6 per group)
and in Frzb/ mice (ManneWhitney U test, P< 0.024 at
6 months, n¼ 11 vs 10; P< 0.03 at 1 year, n¼ 7 vs 5).
In male mice, differences between Frzb/ and wild-type
mice were not apparent in the ﬁrst month of running wheel
exercise, but appeared quickly thereafter [Fig. 1(C)]. In con-
trast, in female mice, differences in running performance
were already present in the ﬁrst month [Fig. 1(D)]. Overall,
running performance declined from the age of 8 to 9 months
onwards. This effect appeared more outspoken in female
than in male mice.
The observed differences were not explained by
differences in weight between Frzb/ and wild-type
mice (Table I). However, treadmill activity did result in
consistently lower mean weight of the mice as compared
to non-running controls (Table I). This difference was
only signiﬁcant for female wild-type mice at the age of 6
months (Student’s t test P< 0.001).OSTEOARTHRITIS IN RUNNING MICEWe studied the presence of osteoarthritis-like changes
in the knee and hip joints of running mice and age-
matched controls (Fig. 2). X-ray analysis at 12 months
[Fig. 3(A)] did not show a signiﬁcant increase or decrease
in osteoarthritis severity scores between running mice and
controls although scores tended to be higher in the exer-
cise group [Fig. 3(B, C)] (median score 1 vs 1.5 in male
wild-type, 1 vs 2 in female wild-type, 0.5 vs 1.5 in male
Frzb/ mice, 0 vs 2 in female Frzb/ mice, ManneWhit-
ney U test, P> 0.05, n¼ 10 vs 6, 10 vs 4, 10 vs 4 and 9 vs
7 mice, respectively, with both knees evaluated for each
mouse). Histomorphological scores for cartilage damage
after voluntary exercise were not different between wild-
type and Frzb/ mice in males or females (median 2.5
vs 2 and 2 vs 2.5, respectively, ManneWhitney U test,
P> 0.05, n¼ 12 vs 12 knees from 6 males per group
and 8 vs 14 knees from 4 wild-type and 7 Frzb/ females)
[Fig. 4(A)]. Although all cartilages of the knee joint could
be affected, the medial tibial cartilage was most often
and most severely involved. No signiﬁcant differences
were found between both groups in features of synovitis
(ManneWhitney U test, P> 0.05) [Fig. 4(B, C)]. X-ray
scores, cartilage damage and synovitis scores did not cor-
relate with distances ran in the different groups (data not
shown). Osteophyte formation was not different between
both groups. No signs of osteoarthritis were seen in the
hip joints (data not shown).MUSCLE COMPOSITION IN FRZB/ AND WILD-TYPE MICEFig. 4. Histomorphological signs of osteoarthritis in Frzb/ and
wild-type mice. (A) Cartilage damage scores and (B and C) synovi-
tis scores in males (B) and females (C) after 1 year of running ex-
ercise. Data are shown as box-plots with medians, quartile and
percentile 10e90 (n¼ 12 vs 12 knees from 6 males per group
and 8 vs 14 knees from 4 wild-type and 7 Frzb/ females).As differences in voluntary running performance were not
explained by severity of osteoarthritis, we additionally
checked whether the observed differences could be ex-
plained by the effect of Frzb deletion on muscle ﬁber com-
position in 8e12-week old mice [Fig. 5(A, B)]. As shown in
Fig. 5(C, D), similar type I and type IIa muscle ﬁber surface
and percentage were found in the soleus muscle of Frzb/
as compared to wild-type mice. Also type IIa and type IIb ﬁ-
ber surface and percentage were similar in the extensor dig-
itorum longus muscle of Frzb/ and wild-type mice
[Fig. 5(C, D)] (n¼ 3 vs 3 and 3 vs 2 for male mice and 4
vs 3 for female mice).Discussion
FRZB was identiﬁed as a susceptibility gene for osteoar-
thritis1e6. We recently demonstrated that genetic deletion of
Frzb in mice results in increased cartilage damage in
395Osteoarthritis and Cartilage Vol. 17, No. 3different induced models of osteoarthritis10. In addition, the
knockout mice have a higher cortical thickness, bone den-
sity and mineral content as well as enhanced periosteal
bone formation upon mechanical stimulation. This results
in stiffer long bones. A triple mechanism for the role of
FRZB in osteoarthritis susceptibility has been proposed: in-
creased WNT activity with up-regulation of tissue-destruc-
tive enzymes, higher MMP activity due to defective
antagonism, and enhanced strain in the boneecartilage bio-
mechanical unit10.
In this study, we evaluated the performance of Frzb/
and wild-type mice in running wheels over a 1-year period.
Running exercise has previously been used to study osteo-
arthritis in rodents with conﬂicting results23e26. However, we
ﬁnd this experimental model of particular interest as its pri-
mary analysis mimics a clinical outcome that is also rele-
vant in humans. Of interest, voluntary running exercise
did not speciﬁcally protect against or increase osteoarthritis
in this study.
Genes identiﬁed to be of importance in osteoarthritis, can
be divided into two categories: those that are predominantly
contributing to the integrity of the articular cartilage structure
and those that play a role in cartilage and bone biology. In
genetic mouse models, the former group of genes such as
the type II collagen gene27,28 will often show defects in skel-
etal development29. Recognizing the importance of other,
potentially more clinically and therapeutically relevant
genes, may be more difﬁcult as the development and pro-
gression of osteoarthritis are clearly multifaceted. There-
fore, the combination of induced models and the analysis
of voluntary running performance as presented here as out-
come parameter in long-term studies may prove very useful
to highlight the role of speciﬁc genes for which genetic as-
sociations have been reported in this disease.Fig. 5. Analysis of muscle ﬁber composition in Frzb/ and wild-type mice.
ﬁbers in the soleus muscle of wild-type mice and isotype control. (B) Imm
darkblue) in the extensor digitorum longus muscle of wild-type mice and
male and female mice. (D) Number of muscle ﬁbers in Frzb/ and wi
dark squares represent Frzb/ and open circles represent wild-type m
mice; per mouse muscles from the rigDespite X-ray and some histomorphological scores for
features of osteoarthritis appearing somewhat higher in
Frzb/ than in wild-type mice, these differences were not
statistically signiﬁcant. More interestingly, these scores did
not appear to correlate with distances covered. Although
the relatively small number of animals used in the study
could account for these observations, it is clear that the
model used also bears some potential drawbacks. It should
be noted that the running mice did not develop apparent hip
osteoarthritis. This is another limitation of the running wheel
model as weight distribution and stress in the joint are likely
to be different between animals that walk on four limbs and
humans.
However, the in vivo and long-term experimental study as
presented here can be considered as an inclusive model to
which different factors contribute. This bears the conse-
quence that other factors not directly relevant to cartilage
and bone biology may contribute to the observed pheno-
type. In particular, the neurological deﬁcit reported in an-
other strain of Frzb KO mice may be relevant here30. No
differences in muscle composition were detected upon
screening between the transgenic and wild-type strains. In
view of the human disease, however, this apparent lack of
change in the joint itself should not necessarily be consid-
ered a disadvantage as the development of osteoarthritis
is probably also reaching beyond the borders of skeletal
biology.
Of interest, female mice showed a higher activity in the
running wheels than their male counterparts. However,
this was again not explained by differences in osteoarthritis
development. The difference in weight may partially explain
this observation. Of interest, the original association of poly-
morphisms in the FRZB gene with hip osteoarthritis was re-
ported in females1. This gender speciﬁc association was(A) Immunoﬂuorescent staining for type I (green) and type IIa (blue)
unoﬂuorescent staining for type IIa (blue) and type IIb (background
isotype controls. (C) Muscle ﬁber surface in Frzb/ and wild-type
ld-type male and female mice (individual data points are shown;
ice; n¼ 3 vs 3 and 3 vs 2 for male mice and 4 vs 3 for female
ht and left paw were analyzed).
396 R. J. U. Lories et al.: Frzb deletion affects running performanceconﬁrmed as a risk factor for hip osteoarthritis in a subse-
quent study2. Further evidence suggests a female speciﬁc
effect in knee osteoarthritis6. In contrast, other data suggest
that the effect of FRZB may not be gender or hip speciﬁc3.
In conclusion, this study supports the genetic association
of FRZB with osteoarthritis and conﬁrms our earlier obser-
vations using short-term induced models of the disease10.
FRZB and WNT biology can therefore be considered as
therapeutic targets for the treatment of osteoarthritis.
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